Objectives-The aim of the study was to investigate the feasibility of using ultrasound shear wave elastography to quantify mechanical properties and movement symmetry of false vocal folds positioned in adduction and abduction.
F alse vocal folds, also known as vestibular folds, ventricular folds, or false vocal cords, are anatomically distinct from true vocal folds and are believed to be components of the acoustic filter responsible for shaping the voice. 1 False vocal folds are located posterior to thyroid cartilage in a central position in the midline neck and contribute to vocal articulation during glottal stops and pressed phonation: functional phenomena that have been especially well demonstrated, for example, in Mongolian throat singing. 2 As such, false vocal folds may enhance or modulate the intensity of the monopole acoustic source in the glottis. 1 In addition, false vocal folds play a substantial role in the maintenance of the laryngeal functions of breathing and preventing food and drink from entering the airway during swallowing. 3 In clinical practice, laryngeal disease (eg, vocal fold impairment) is commonly diagnosed on the basis of symptoms and the medical history. However, some laryngeal disease (involving both true and false vocal folds) may be subclinical. 4 In addition, even when glottis closure appears grossly adequate (on laryngoscopy), asymmetries in vocal fold tension may affect the pitch, vocal stamina, and high-or low-intensity phonation. 5 Computed tomography and magnetic resonance imaging can provide anatomic information on the laryngeal region 6 ; however, radiation exposure during computed tomography and contraindications to magnetic resonance imaging may limit application of either modality in daily practice. To date, flexible laryngoscopy is still considered the reference standard in assessing the morphologic characteristics and function of the vocal folds. 7 Unfortunately, some patients cannot tolerate the use of the laryngoscope, especially those with a sensitive gag reflex or limited jaw or neck mobility. 8 In addition, sedation may be required before magnetic resonance imaging or direct endoscopic visualization, particularly if the patient is unable to tolerate the examination. 3 Conventional ultrasound (US) imaging has been used as a first-line imaging study for examination of the tissues in the neck in multiple clinical scenarios (eg, thyroid, parathyroid, and lymph node evaluations), owing to the well-established accuracy, safety, portability, acceptance, and low cost of the modality. Applications of US to evaluate the morphologic characteristics, [8] [9] [10] echo intensity, and backscatter properties of vocal fold tissue in mathematical distribution models 3 have also been described. However, as these studies were performed primarily in vitro or as ex vivo cadaveric dissections, 11, 12 the generalizability of those findings to analogous in vivo assessments is limited. Similarly, although a few in vivo studies of human true vocal folds have been described with the use of color Doppler, 13 high-resolution, and high-frame rate grayscale imaging, 8, 14, 15 little is known regarding the feasibility and utility of US shear wave elastography (SWE) in the assessment of false vocal folds. A shear wave propagating in the tissue perpendicular to the pushing pulse is generalized and tracked by using an acoustic radiation force impulse sequence. The tissue stiffness can be quantified by monitoring the speed of shear wave propagation in the tissue. Higher shear wave speeds are associated with stiffer tissues, and slower shear wave speeds occur with more compliant tissues. 16 We have successfully assessed the change in the stiffness of the biceps muscle in physiologic conditions using SWE, in which the muscle is stiffer in its contraction, whereas the muscle is softer in its relaxation. 17 Given that SWE is able to evaluate dynamic changes in tissue mechanical properties, we aimed to assess the feasibility of SWE to quantify the difference in the false vocal fold tissue mechanical properties in abduction and adduction and between men and women in healthy adults without known laryngeal disease. Additionally, we also proposed to develop and test a quantitative SWE marker to evaluate movement symmetry of false vocal folds in adduction and abduction.
Materials and Methods
The Institutional Review Board at Weill Cornell Medicine approved the study (No. 1608017506), and all participants provided written informed consent. The study was conducted in the Department of Radiology of Weill Cornell Medicine. An Acuson S3000 US scanner (Siemens Medical Solutions, Mountain View, CA) equipped with a 9L4 linear array transducer was used to acquire grayscale images of false vocal folds. Virtual Touch tissue quantification (VTIQ) software was used to measure the shear wave velocity (SWV, meters per second) within the bilateral false vocal folds, positioned in both abduction and adduction.
The inclusion criteria included age older than 18 years, good health (based on an annual physical examination), and the ability to sign written informed consent, tolerate neck extension, perform the Valsalva maneuver, and undergo an US examination. The exclusion criteria included a history of hoarseness, irritant cough, vocal fold disease of any kind, thyroid disease, thyroid and cervical spine surgery, tracheostomy, cervical trauma, or neuromuscular disorders (eg, stroke and Parkinson disease). Opera/voice artists were excluded from this study because mechanical properties of the false vocal fold in opera/voice artists may differ from those in the nonvoice artist population.
Anatomy of True and False Vocal Folds
The width of true vocal folds measures 1 to 3 mm perpendicular to the length of the cord at its mid portion. 15, 18 On a grayscale image, true vocal folds appear as two triangular hypoechoic structures outlined medially by the hyperechoic vocal ligaments adjoining the thyroid cartilage anteriorly and the arytenoid cartilage posteriorly. 8, 19 False vocal folds are a pair of thick folds of a mucous membrane located in the supraglottal space in the larynx (Figure 1 ). False vocal folds are anatomically distinguished from true vocal folds by the ventricular space and are not directly connected to true vocal folds. 1 By an anterior transcutaneous approach (Figure 2 ), false vocal folds lie parallel and cephalad to true vocal folds and appear more hyperechoic than true folds on grayscale imaging ( Figure 3 ). 15 
Grayscale Imaging and SWE of False Vocal Folds
The participants were placed in the supine position with mild neck extension suitable for direct insonation. The transducer was placed transversely on the anterior mid neck ( Figure 2 ) where the true and false vocal folds are located posterior to the thyroid cartilage. Transmission gel was applied liberally to improve contact between the skin surface of the anterior neck and the transducer, a particularly relevant consideration when the angle of the thyroid cartilage was sharp, such as in the male participants examined. Preconfigured grayscale image settings for the thyroid gland were applied to evaluate laryngeal morphologic characteristics and to observe the movement of the false vocal folds. The movement of bilateral true and false vocal folds was defined as symmetric abduction (Figure 3a ) and adduction ( Figure 3b ) after a normal breath and maximal Valsalva maneuver, respectively. Machine settings were then changed to the VTIQ mode to measure the SWV, representing the mechanical stiffness of bilateral false vocal folds, in both abduction and adduction (without phonation or swallowing). A shear wave quality map generated by the VTIQ software was used to ensure the quality of shear wave speed estimation before measuring quantitative SWV values (Siemens white paper). The shear wave quality was considered satisfactory when a homogeneous green area appeared throughout the region of the false vocal folds (Figure 4a ). Images with regional absence of green in the false vocal folds within the quality map were considered poor quality and were excluded from the analysis. Quantitative SWV values were then measured within valid color-coded SWV maps using a region of interest size of 1.5 3 1.5 mm. A total of 5 SWV measurements were obtained in each false vocal fold (Figure 4b) . A single investigator (J.G.) with 30 years of experience in For assessing the symmetry of false vocal fold movement between the right and left folds, we developed an SWV index, which was defined as (SWV greater -SWV lesser )/SWV greater . The average of 2 SWV index measurements was used for analysis.
Statistical Analyses
The variability of the SWV within false vocal folds and the ages of the participants was expressed as mean 6 standard deviation. The difference in the SWV between the right and left false vocal folds, between men and women, and between false vocal folds in adduction and abduction were analyzed by a paired t test. The correlation between the SWV measured in the right and left false vocal folds and intraobserver agreement of repeated measures were tested by the Pearson correlation coefficient and intraclass correlation coefficient, respectively. P < .05 considered statistically significant.
Statistical analyses were performed with Microsoft Excel 13 (Microsoft Corporation, Redmond, WA).
Results
From March to July 2017, the SWV was measured in false vocal folds of 10 healthy adult volunteers (5 men and 5 women; age range, 21-65 years; mean age, 45 years). The body mass index was less than 30 kg/m 2 in all participants. Using a transcutaneous approach at the level of thyroid cartilage, we were able to visualize all 10 pairs of false vocal folds in the study participants. True vocal folds, by comparison, were visualized in only in 3 of 5 male and 4 of 5 female participants by sliding the transducer in a cephalocaudal direction over the thyroid cartilage. 18 The mean SWV measured within false vocal folds in adduction and abduction, comparison of the SWV between the right and left folds, SWV of false vocal folds between women and men, correlation of the SWV between the right and left folds, and SWV index of false vocal folds are listed in Tables 1 and 2 .
The difference in the SWV of false vocal folds was significant between abduction and adduction and between women and men in adduction (P < .05), whereas it was not significant between the right and left folds in all participants and between men and women in abduction (P > .05; Figure 5 ). The newly developed SWV index for false vocal folds in abduction and adduction was 0.13 or lower (mean, 0.05; mean range, 0.03-0.07).
There was no correlation of the age of the participants with the SWV measured within false vocal folds in abduction (R 2 5 0.10; P 5 .32) or adduction (R 2 5 0.04; P 5 .69; Figure 6 ). The intraobserver agreement with VTIQ in measuring the SWV of false vocal folds was good (intraclass correlation coefficient 5 0.89; P < .001).
Discussion
To our knowledge, this article is the first report of the feasibility of using acoustic radiation force impulsebased SWE to assess mechanical behavior and the development of an SWV index to quantitatively evaluate the movement symmetry of false vocal folds in adduction and abduction in healthy adult humans. True vocal folds are very thin structures that are relatively difficult to visualize on grayscale US imaging. 7 By an anterior transcutaneous approach, the rates of US visualization of false vocal folds, true vocal folds, and arytenoids have been reported as 92.7%, 36.7%, and 89.8%, respectively. 20 There are two main factors affecting the US visualization of true vocal folds. One factor is the anatomic location of the fold in the region posterior to the thyroid cartilage, which, especially when subject to senescent calcification, may obscure sound beam transmission and thus visualization of true vocal folds. The other factor is the implicit tradeoff between the beam penetration and spatiotemporal resolution inherent in US imaging physics. On one hand, a high scanning frequency improves the resolution for visualizing thin true vocal fold but decreases penetration of the emission sound beam through the thyroid cartilage for optimizing a posteriorly located true vocal fold. On the other hand, a low scanning frequency improves penetration of the emission sound beam but diminishes the resolution for optimizing a true vocal fold. 7 Therefore, assessment of false vocal folds using conventional real-time grayscale imaging and newly developed SWE techniques may represent an important albeit indirect means of evaluating true vocal folds quantitatively and noninvasively, especially in individuals with failed US visualization of true folds. Importantly, the intraobserver agreement with VTIQ in measuring the SWV of false vocal folds was good (intraclass correlation coefficient 5 0.89; P < .001).
There was no correlation between the ages of the participants (21-65 years) and the SWV in either false vocal fold abduction or adduction. This notion is similar to that in a previous report, in which there was no correlation of the US appearance with age in participants older than 18 years. 8 There was no significant difference in the SWV representing mechanical properties of false vocal folds between the right and left folds or between men and Figure 5 . Box-and-whisker plots show the difference in SWV of false vocal folds measured between vocal fold abduction and adduction and between men and women. The SWV of the false vocal folds was higher in women (B) than in men (D) in adduction (P <.001), whereas it was not between women (A) and men (C) in abduction (P 5.13). The difference in the SWV of false vocal folds measured between abduction and adduction was significant in both women (A versus B) and men (C versus D). F indicates female; and M, male. women in abduction. The SWV index (a ratio of the difference in the SWV between the right and left false vocal folds) range of 0.03 to 0.07 (mean range) ( Table  2) indicates the symmetry of false vocal fold abduction and adduction in healthy adults. The symmetry of false vocal fold mechanical properties is important in maintaining the normal function of voice production, breathing, and swallowing. 14 The developed SWV index can be used to quantify the difference in mechanical properties between the left and right false vocal folds in abduction and adduction. A small SWV index indicates that the mechanical properties of the left false vocal fold are similar to those of the right false vocal fold. A larger SWV index suggests that the mechanical properties of the left false vocal fold are significantly different from those of the right false vocal fold. In other worlds, the SWV index is smaller in symmetric false vocal folds, whereas SWV index is larger in asymmetric folds. These results may provide an important reference for detecting unilateral paralysis of vocal folds caused by thyroid and parathyroid surgery and neuromuscular disorders (eg, Parkinson disease). 4, 14, 20 There was no significant difference in the SWV between men and women in vocal fold abduction. However, the SWV was significantly higher in women than in men at the end of vocal fold adduction ( Figure 5 ), suggesting that the increase in the intrinsic mechanical stiffness of false vocal folds in adduction in women was stronger compared to men. The length of true vocal folds in women is shorter than in men, which results in more vocal fold oscillations and collisions for an equal amount of voicing in women and men. This difference would require increased effort and the assistance of false vocal fold adduction. It is anticipated that the female false vocal fold tissue may require a greater percentage of elongation to obtain an equivalent pitch range. 21 In addition, the increase in false vocal fold stiffness as measured by SWV in vocal fold adduction compared to abduction may provide a reference for detecting vocal fold paralysis that characterizes a decrease in false vocal fold adduction and insufficient true vocal fold closure. 7 There were limitations to this study. First, the number of enrolled participants was small. Second, we did not measure the SWV in an age group younger than 18 years. The SWV in that population may differ from our results. Third, we estimated tissue stiffness in a 2-dimensional fashion; however, false vocal fold adduction and abduction are in 3 dimensions. Therefore, our results from the 2-dimensional assessment may be considered referential. Fourth, we did not correlate laryngeal magnetic resonance or computed tomographic images with the US findings in this study. We have planned to assess the correlation of magnetic resonance imaging with US for imaging false vocal folds in a future study. Finally, we measured the SWV in false vocal folds in adduction and abduction without phonation in healthy adults. The value of the SWV of false vocal folds may differ in phonation and in a population with laryngeal disorders (eg, vocal fold impairment).
In conclusion, our results suggest that SWE is feasible for assessing symmetry in mechanical properties of false vocal folds in healthy adults. Subsequent larger studies are needed to establish normative SWV ranges and thresholds for distinguishing the intrinsic variability of false vocal fold mechanical properties from derangements attributable to true laryngeal disorders.
